Introduction
Solar photovoltaics (PV) offer a renewable alternative to traditional sources of electricity generation. The potential resource base for PV in the United States is enormous; however, there are a number of challenges related to realizing this potential including relatively high cost, intermittent output, and potentially significant land use. The costs of PV have been declining significantly during the past couple of decades, and there are strong prospects for further declines in cost during the next decade.
1,2 The issue of intermittency can be addressed through a number of potential means, and will likely become increasingly important as market penetration increases beyond a few percent of electricity consumption. 3, 4 The issue of land use is often cited as an important issue for renewable energy technologies. 5, 6 Determining the land requirements of solar PV at high penetration helps evaluate its potential to reduce both the carbon emissions and the "Ecological Footprint" 7 associated with electricity generation and use. There have been several estimates of the total land use required to meet the electricity demand from PV. 8, 9, 10 We go beyond these previous analyses by examining the impact of distributing the PV (and required storage) geographically throughout the United States, and by examining the impact of employing a range of array configurations (flat, fixed tilt, and tracking).
In this work, we quantify the state-by-state per-capita "solar electric footprint" for the United States, where the solar electric footprint is defined as the land area required to supply all end-use electricity from solar photovoltaics. There are four major goals of this analysis. First, we provide a state-by-state breakdown of end-use electricity use, accounting for the embodied energy in produced goods. In particular, we explore the impact of distributing industrial energy consumption in proportion to income rather than location of industrial activity. Second, we evaluate the solar energy density, or land use required to produce a given amount of solar energy, based on a range of PV configurations. Third, we estimate the state-by-state per-capita solar electric footprint for recent electricity use patterns and current PV system performance. Finally, we compare this per-capita solar footprint to several other per-capita demands for land use. The solar electric footprint is based on the boundary condition of meeting the entire nation's electricity needs with solar PV. While this requirement represents an extreme (and unlikely) scenario, it does provide insight into the potential scale of land-use impacts associated with meeting a large fraction of the nation's electricity requirements from PV.
State-Level Electricity Use in the U.S.
Using state-level electricity consumption and population data for [2003] [2004] [2005] , we estimated the annual average per-capita electricity use. The complete electricity use data set is provided in Appendix 1. Publicly available electricity use data is divided into four end-use sectors: residential, commercial, transportation, and industrial. Transportation electricity, which accounts for about 0.2% of U.S. end-use electricity, was combined with commercial electricity. Per-capita commercial and residential electricity use was calculated by dividing total state electricity use in each sector by the state's population. For residential and commercial electricity, this is probably a reasonable allocation -if people shop, work, and conduct most business in their state of residence.
The biggest limitation of this approach is that it ignores the regional flow of embodied electricity in manufactured goods, captured largely in the "industrial" electricity category. There is a limited relationship between where industrial (which includes agriculture) products are manufactured and where they are used, and heavily industrialized states effectively export electricity embodied in goods and services. Ideally, industrial electricity could be allocated by assigning each region its actual industrial electricity use by tracking embodied electricity in manufactured products. 11 An alternative and simpler approach is to use state-level personal income as a proxy measure for consumed industrial and agricultural goods. This results in the assumption that a region with twice the annual per-capita income as another consumes twice as much goods and services per person, and correspondingly twice as much industrial electricity.
12 Based on this assumption, we assigned each state an effective industrial electricity use by multiplying its fraction of total U.S. income by the total industrial electricity used in the United States. Complete data is provided in Appendix 2. There are potential significant limitations to this approach, so we illustrate the effect of this assumption in Figure 1 , the per-capita electricity use for all 50 U.S. states.
In Figure 1 , each state's per-capita electricity use is shown divided into three categories. The industrial electricity bar illustrates our assumed allocation based on income. In addition, we provide an "error bar," which indicates the per-capita consumption if industrial electricity were allocated to the state of use. As discussed earlier, heavily industrialized states would have a much higher per-capita electricity use if measured using the more traditional allocation. Wyoming, in particular, would have a very high per-capita use, equal to nearly 28 MWh per person. Alternatively, Northeastern states such as Connecticut and Massachusetts are likely responsible for much more electricity use than would be accounted for using a simple per-state allocation. 
U.S. Average
Error bars indicate results when industrial energy is allocated to state of use We include the District of Columbia in our assessment due to both data availability and its usefulness in illustrating the application and limits of PV in urban areas. The large percapita commercial electricity in Washington, D.C., is likely explained by the large number of people that work and shop in D.C. but do not live there. About 70% of the workers in the District of Columbia live outside the city; the electricity used to support these workers in office buildings and other commercial support activities results in a net export of electricity embodied in commercial activity.
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Solar PV Energy Density
The per-capita solar electric footprint in each location is calculated by dividing the total electricity requirement by the PV energy density:
where the PV energy density is defined as the annual energy produced per unit of land area, equal to
The first term in Equation 2 is the PV array power density, equal to PV array power deployable per unit of land area. The array consists of individual PV modules, and the nameplate (or peak) direct current (DC) power rating of an individual module is a function of module efficiency and the module collector area. The module efficiency is defined under Standard Test Conditions (STC) of 1,000 W/m 2 solar irradiance and 25 o C. Typical commercially available silicon PV modules have efficiencies of about 10-15%, resulting in about 100-150 watts of peak DC output per square meter of collector area. 14 Module efficiencies vary by technology, with current thin-film modules producing efficiencies of about 6-12%, while advanced silicon modules (also commercially available) can produce efficiencies of more than15%. 15 Module efficiencies of all types are expected to increase over time, which will increase the module power density and decrease the solar electric footprint.
The total array power density depends on the array spacing as well as the individual module efficiency. If deployed horizontally with no spacing between modules, the array power density would be equal to the module power density (100-150 MW/km 2 for silicon modules).
PV deployed on flat rooftops and ground-based PV arrays are typically tilted toward the south, or deployed on tracking arrays to maximize the amount of collected solar radiation per unit (MW) of deployed PV. To avoid self-shading, and to allow for maintenance, space is required around individual or sets of modules. This decreases the array power density. Rooftop-deployed PV systems tilted at small angles can have a fairly small decrease in array power density. One example is a commercially available system using 13.5% efficient modules with a 135 W/m 2 power density when deployed flat, and an 118 W/m2 power density when deployed at a 10° tilt angle, or a drop of about 13%.
16 When deployed on ground-mounted arrays, tilt angles generally increase to increase module energy yield. This results in even greater array spacing. In addition, there may be minimum spacing between arrays in large installations to allow maintenance vehicles to pass between long rows of PV arrays. Minimum spacing for service vehicles is about 3.5 meters between rows, with a more conservative 4-5 meters often applied. 17 For 13.5% efficient modules, this may reduce the system power density to 60-70 W/m 2 for fixedplate systems. Tracking arrays require additional space to avoid self-shading.
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The second term in Equation 2 is the annual generation per unit of module power. The actual PV generation per unit of module power at any given time is the product of two factors:
The incident radiation changes as a function of time of day and weather, so calculating the annual output of the module generally involves obtaining the incident radiation for each hour and summing over all hours per year. However, it is possible to express the value as an annual average. The average solar radiation (energy per unit area, per unit time) is a function of local climate and module orientation ( Figure 3 ). As illustrated above, the incident radiation on the PV array and the resulting total annual energy collected can be increased by tilting the PV array up from horizontal toward the south. Even greater collection can be gained by deploying tracking systems that continuously orient the panels toward the sun.
The second term in Equation 3 is the alternating current (AC) conversion efficiency. PV modules produce DC electricity, which must be converted to grid-compatible AC with an inverter. The overall AC-DC conversion efficiency is often described as a combination of inverter efficiency and many other factors, such as wiring losses, panel soiling, system availability, etc.
20 Table 1 provides the estimated system energy density for a set of system configurations and three locations that represent the range of insolations for the lower 48 U.S. states.
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The assumed PV module efficiency is 13.5%, and average daily incident radiation for each location and orientation is derived from the "Typical Meteorological Year" (TMY) data set. 22 Calculation of energy yield was performed using the PVWatts tool, using the default average DC-AC conversion efficiency of 77%. Table 1 illustrates the significant drop in PV array power density for tilted and tracking arrays due to shading and maintenance requirements. This drop in power density is accompanied by a greater energy yield per installed unit of module power. However, the reduced power density is much greater than the increased collector yield, so moving from flat rooftop arrays to land-based tilted and tracking arrays can reduce system energy density by more than 50%. Improvements in system energy density will be driven more by module efficiency increases than by improved array spacing because shading and maintenance requirements provide fundamental limits on array packing density, while deploying more efficient cells can substantially improve system energy densities in the future. 
The U.S. Solar Electric Footprint
The solar electric footprint for each state was calculated using Equation 1, applying the annual electric demand values as previously calculated. As discussed previously, the PV energy density is highly dependent on assumptions for system configuration.
We begin with an assumed scenario based on commercially existing PV modules with a 13.5% efficiency and the assumed array densities in Table 1 . Our scenario also assumes 25% of all PV is deployed on rooftop-type systems, where 5% (of all PV) is oriented flat, 10% south facing at 10° tilt, 5% SW facing at 10° tilt, and 5% SE facing at 10° tilt. The remaining PV is deployed in ground-based arrays, with 40% deployed as south-facing arrays at 25° tilt, 25% 1-axis tracking (0° tilt), and 10% 2-axis tracking. Given the importance of array configuration, we also examine sensitivities to this assumption later in this work. 26 We created 216 solar resource regions in the lower 48 U.S. states based on the proximity of census block groups to each of the stations. The location of these regions is provided in Figure 4 . 1991-2005/ 26 In addition to using noncoincident-year solar data for Alaska, we also used only a single TMY site (Anchorage) to represent the entire state. While this adds a great deal of uncertainty to our analysis, the "100% electricity from PV" scenario evaluated here is extremely unrealistic for Alaska given the poor solar resource in the state. As a result, our estimates here should be used only as a boundary condition to roughly compare the solar electric footprint in Alaska to the lower 48 states. To derive the solar energy production for each of the 216 sites, we performed an hourly PV simulation using the PVFORM model, assuming a 1 kW STC module. 27 The total solar resource for each state was generated by a weighted average of the resource regions based on load. This regional weighting was performed by assigning one of the 216 solar resource locations to each of the 3,277 electric service providers in the lower 48 U.S. states.
28 Location within a state was based on the fraction of load met by each of the state's utilities, and the TMY station assigned to each utility. By using the same years for both electricity loads and solar insolation, we can account for some of the correlation between load and weather. The net PV energy density for each state was calculated using the weighted average of the various power densities (based on system type) and the annual generation values (based on both system type and location within each state). The resulting state-level PV energy density values (with the assumed mix of system orientations) are provided in Figure 5 . Location-weighted daily average insolation values for each state are provided in Appendix 4. Ignoring the coincidence between PV supply and electricity demand, the per-capita solar footprint can be calculated using the data in Figures 1 and 5.
Because our solar footprint estimates are based on the extreme scenario of PV supplying 100% of the nation's electricity demand, and because solar PV generation is not entirely coincident with electricity demand, some enabling technologies must be deployed for PV to meet this entire electricity demand. Enabling technologies may include load shifting, but there are limits to the amount of load that can be shifted, 29 and we assume that energy storage is deployed to meet all mismatches between PV supply and electricity demand. Because no energy storage system is 100% efficient, energy storage losses will increase the amount of energy to be generated by the PV system. Each delivered kWh of electricity that is passed through an energy storage system will require PV generation equal to 1/η stor where η stor is the storage system efficiency. Some PV generation will be used directly (bypassing storage), so this efficiency impact applies only to the fraction of demand passing through storage f stor . As a result, the multiplier or ratio of "PV generation required" to "electricity demand" can be expressed as a "storage footprint multiplier" equal to
We assumed a round-trip storage efficiency of 75% based on existing technologies such as pumped hydroelectric storage, or batteries. 30 Determining the fraction of energy to be stored requires simulating the hourly PV supply patterns with demand patterns on a regional basis.
To determine the fraction of energy that is needed to be stored, we used the PVflex model. 31 The PVflex model compares hourly load to hourly PV supply and has the ability to charge or discharge a storage system as needed. We performed simulations for several regions around the country, and found that the energy storage fraction had a range of only about 60-70%.
32 Applying this range of values to Equation 2, the PV generation multiplier ranges from 1.20 to 1.23, a difference of just less than 3%. Because the PV footprint analysis is relatively insensitive to this range of storage values, we assume the more conservative 70% storage fraction (and the corresponding multiplier of 1.23) to all regions of the country. This storage fraction is conservative for an additional reason: It assumes storage is the only "enabling" technology used, ignoring potentially more efficient and economic means of mitigating solar PV output variability. Among these include load shifting and long-distance transmission.
It is important to note that while the fraction of energy stored does not vary significantly over a large range, the size of the required energy storage system does vary widely. While achieving 50-70% of a region's electricity from PV could theoretically be achieved with fewer than 12 hours of storage, 33 the last 10-20% would require months of storage to compensate for the seasonal mismatch between PV supply and demand. This seasona storage requirement demonstrates that while achieving 100% of a region's electricity from PV is theoretically possible, it is not a practical goal unless very inexpensive and 32 We originally intended to perform simulations for a large number of regions in the country to determine the "energy storage fraction" and then assign this energy storage fraction to the corresponding states. After completing simulations for eight geographically diverse regions (Boston; Tampa; New York City; Washington, D.C.; Los Angeles; Omaha; Indianapolis; and Portland), we found that the energy storage fraction had a limited range of only about 60-70%. very high capacity energy storage devices become available. This result also demonstrates the reality of modern electric power systems where a variety of generation technologies are used to meet the large variation in demand on both a daily and seasonal basis.
The results of the 100% solar scenario presented here can be scaled to assess the solar footprint associated with some fraction of the total electric demand. When applying any scaling factor, it is important to point out that the storage fraction may be much lower than our assumed 70% at lower PV penetration. The storage multiplier of 1.23 could drop to 1 for low penetration of PV where storage is not needed. However, the actual number depends on a variety of factors, and it is not possible to provide a simple relationship between PV penetration and the amount of storage needed for all locations. As a result, the results presented here represent a fairly conservative bounding case of solar footprint and PV land requirements. Figure 6 provides the resulting average state-by-state per-capita solar footprint. As discussed in Section 2, the industrial footprint is based on an income-based allocation of industrial electricity, with the error bar representing the footprint for industrial electricity actually used within the state.
When comparing Figure 6 to Figures 1 and 5 , it appears that electricity demand drives the relative per-capita solar footprint more than solar resource, with a few exceptions. The most obvious is Alaska, where poor solar resource results in a very high solar footprint despite its relatively low per-capita electricity use.
The overall average solar electric footprint for the United States during the years evaluated was about 181 m 2 per person, using our assumed mix of PV system types and orientations. This value is almost exactly the same for both methods of applying industrial electricity. There is no physical reason for this -if industrial electricity were used more in states with lower solar insolation, the national average footprint would increase in the "per state" allocation of industrial electricity. However, in the current distribution, industrial electricity is used less in states with both very high insolation (such as California) and regions with low insolation (such as New England). The solar footprint for 38 states and about 78% of total U.S. electric demand is within 20% of this average value.
As discussed earlier, the solar electric footprint is highly sensitive to the PV system type and does not consider expected improvements in solar collector efficiency. Compared to the assumed mix footprint of 181 m 2 , the national average solar footprint is about 214 m 2 when using only 1-Axis tracking systems and about 103 m 2 when using only flat-plate systems. A list of the state per-capita footprints for the assumed configuration, and for systems deployed only as flat-plate or 1-Axis tracking, is provided in Appendix 5. This appendix also indicates the change in footprint when industrial electricity is allocated to the actual state of use. 
U.S. Average
Error bars indicate results when industrial energy is allocated to state of use 
State-Level PV Footprint in Context
The per-capita solar electric footprint can be compared to the total area available in each state. Figure 7 provides an indication of the fraction of the total state area that would be occupied by the base system configuration, based on 2005 population and electricity use data. In each state, the small square represents the total area of the solar footprint. Alaska is not drawn to scale; however, the solar footprint box within Alaska is shown on the same scale as the rest of the United States. The values in Figure 7 assume the base PV system configuration and income-based allocation of industrial electricity. Appendix 6 provides values for the flat and 1-Axis boundary cases as well as for the state-based allocation of industrial electricity.
Overall, the U.S. average solar footprint using the base system configuration is equal to about 0.6% of the total land area of the United States, or about 0.6% of each individual's "allocation" of space. In 19 states, the PV requirements of the assumed mix exceed 1% of the total land area. This is primarily a reflection of population density. In all states, where the per-capita land allocation is less than 19,000 m 2 /person (except New Hampshire and Hawaii), the solar footprint exceeds 1% of the state's land area. Also of note is the land requirement for Washington, D.C., where the total solar footprint exceeds the city's total land area. This would tend to imply that with current electricity use patterns, cities themselves cannot be self-sufficient on an electricity basis using only locally generated solar energy.
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The total state solar footprints in Figure 7 are based on the income-weighted distribution of industrial electricity, and thus reflect this redistribution of load. If PV were actually deployed to meet the current distribution of load, it would reduce the "burden" on highly 34 An obvious limitation to this statement is that the majority of PV deployment in cities would be on rooftops, allowing for a greater power density. As indicated in Appendix 6, flat-roof deployment of PV in D.C. would require about 80% of the city's area using the income allocation of electricity, and about 65% if deployed to meet the actual 2005 load. populated states in the Northeast, reflecting their lower in-state use of industrial electricity. A comparison of the total state solar footprint for industrial electricity allocated by income and by location of activity is provided in Appendix 6. In the boundary condition evaluated here, where solar PV is used to meet 100% of total demand, it might be expected that much of the high electricity intensive industrial uses (such as aluminum manufacturing) might even move to locations with better solar insolation.
To provide some context for the solar electric footprint, Table 2 provides a list of several current per-capita land uses in the United States. The sources and assumptions underlying the land-use estimates shown in Table 2 are discussed in detail in Appendix 7.
Overall, the U.S. average solar electric footprint of 181 m 2 per person is about 12% of the average "developed area" footprint of 1505 m 2 or 22% of the "urban area" footprint of 837 m 2 per person. Some fraction of PV deployment will occur on rooftops, building facades, and other "zero impact" areas, such as parking lot awnings. Practically, the deployment of PV on these types of areas is significantly reduced when considering shading, orientation, and other availability factors. In addition, solar PV competes with other "green" roof options, including solar water heating, daylighting, and roof-top gardens. Additional study and analysis is needed to estimate the large but uncertain potential for deployment of PV on rooftops, parking lots, and other zero/low impact areas.
If PV is deployed in land-based areas, there are some options for minimum impact deployment at Superfund and brown-field sites and other compromised land, and certain airport land. 35 There are several additional considerations when evaluating the need to deploy land-based PV on a large scale. Each of the land-use indicators in Table 2 has a substantially different impact, whether it is aesthetics, ecosystem changes, use of chemicals, etc. At worst, ground-mounted PV could have impacts approximating those of paved roads, while pole-mounted PV flat panels or tracking arrays could accommodate shade-tolerant plants underneath a large fraction of the arrays; the coexistence of PV deployment with animals grazing also has been demonstrated.
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As shown in Table 2 , the U.S. average solar electric footprint is similar in magnitude to the land use for major roads, golf courses, and airports combined. Note that major roads do not include local roads. In addition, the U.S. average solar electric footprint is less than 2% of the land dedicated to cropland and grazing, and about 10% of the land dedicated to growing hay and corn.
One potentially notable comparison is the relative land use associated with corn ethanol. In 2006, the amount of corn dedicated to ethanol feedstocks was about 21% of corn production. 37 As a result, the national average per-capita corn ethanol area (in 2006) of about 219 m 2 exceeds the average per-capita solar electric footprint. However, this comparison is of somewhat limited value because most of the corn production is concentrated in a few states. A complete accounting of various land-use impacts is somewhat subjective, and a full analysis is beyond the scope of this report; however, it should be considered when comparing PV deployment to alternative uses.
Conclusions
In this paper, we have quantified the state-by-state per-capita solar electric footprint for the United States. Major findings include:
• The use of normal state-level per-capita electricity data, where state electricity is divided by state population, may result in unrealistic estimates of the regional electric footprint. The effect of embodied energy in manufactured goods is to reduce the effective per-capita electricity demand in heavily industrialized states, and increase the per capita demand in less industrialized states.
• Besides module efficiency and local insolation, the area required per unit of annual energy output is strongly dependent on the PV array configuration. Landbased tracking arrays require much more array per unit of energy production than flat arrays due to the spacing between arrays for maintenance and avoidance of shading.
• Using existing technology for the per-capita solar electric footprint, the area required to meet the average per-capita electricity demand using solar photovoltaics is about 181 m 2 per person in the United States. This value assumes the availability of long-term (including seasonal) storage, and a mix of tracking and flat-plate PV systems.
• The area required to meet the total (2005) national electric demand with solar PV is about 0.6% of the total area of the United States. On a state-by-state basis, the solar electric footprint as a percentage of total area varies from less than 0.1% for Wyoming to about 9% for New Jersey. This total area is a relatively small fraction of the existing developed or urban area in each state. It is also less than 2% of the land dedicated to cropland and grazing in the United States.
One of the strengths of PV is that it can be deployed in a wide range of applications and locations -from central to distributed applications, and from rooftops to parking lots to field mounted systems. While the land requirements for the large-scale deployment of PV are not trivial, the ability to site PV on a range of built structures and other areas means that PV technology will not run up against "land-use" constraints in the United States for a long time. In addition, the fact that PV technology has the potential to be sited on areas not suitable for other uses (rooftops, brownfields, etc.) and in a manner that is compatible with multiple uses (i.e., grazing, growing shade tolerant crops, etc.) could minimize its impacts on land-use and ecosystem services. 
